Injectable hydrogels, a class of hydrogel, have received a lot of attention in biomedical applications due to its versatility. It is reported that injectable hydrogel can be applied in various biomedical procedures for example as submucosal fluid cushion, periodontal implant, and cartilage and bone tissue engineering. In addition to its easy delivery (implantation), this class of hydrogel can be tailored to match specific applications. The customization of this hydrogel can be easily executed by changing polymeric backbone of hydrogel, choosing different types of crosslinking or by adding nanoparticles to form hybrid hydrogel systems. Physical properties, compatibility and biodegradability of the resulted materials are important factors for designing injectable hydrogels. In this Recent Research Progress, we highlight the state-of-the-art injectable hydrogels and note the general requirements of an ideal injectable hydrogel for biomedical applications.
Regenerative medicine and tissue engineering are promising strategies for repairing human tissues [1] . For this purpose, hydrogel has become an emerging tool as scaffold providing 3D architecture for guided cell growth since it can mimic natural extra cellular matrix [2, 3] . In contrast to conventional hydrogels which are implanted after its gelation, injectable hydrogel offers versatility [4] . It can be administered simply by injection to fill desired area, to match irregular defects and is ready to perform as designed, after in-situ gelation [5] . This class of hydrogel is known by injectable aqueous gel precursor, followed by fast in-situ gelation to form hydrogel [6] .
In the last decade, minimally invasive surgery carried out by laparoscopy receives a lot of attention and will progress further due to its practicality compared to open surgery [7] . In this procedure, injectable hydrogel is very useful since it is difficult to implant a pre-built conventional hydrogel. Early example on the injectable hydrogel administered by laparoscopy was presented by Yang et al. [8] They used biodegradable thermosensitive hydrogel based on poly(organophosphazene) developed earlier [9] . Although their result has not been significant, it has given an idea to use injectable hydrogel as an antiadhesive agent during laparotomy. Weissleder et al. reported the preparation of tetrazine-and norbornene-conjugated gelatins hydrogels and injected intraperitoneally (IP) through a 25G needle into mouse peritoneoum [10] . The in vitro experiment showed that the gel did not affect the viability of the 3T3 cells, mouse embryonic fibroblast cells. Further in vivo experiment showed that the hydrogelsremained intact inside intraperitoneal compartment until 12 days. Recently, De Cola et al. showed the use of degradable polyamidoamines (dPAA) injectable hydrogels for submucosal fluid cushion (SFC) during endoscopic submucosal dissection (ESD) [11] . Compared to the widely used SFC (isotonic saline (NS) solution), dPAA hydrogels show extended elevation time ( Figure 1 ). The in vivo experiment showed the dPAA hydrogels have very good bioadhesivity. Interestingly, due to cleavable disulfide crosslinker, this hydrogel degrades easily in the presence of gluthathione naturally secreted by the cells. The use of injectable hydrogel for cartilage and bone tissue engineering is also quite promising. Figure 2 shows schematic illustration of the utilization of injectable hydrogel for cartilage engineering application. [3] Various materials have been exploited for this application including natural polymers, chitosan derivatives [12] , methoxy polyethylene glycol-poly(ε-caprolactone) [13] , hyaluronic acid/PEG [14] , Pluronic F127/ glycosaminoglycan [15] , hyaluronic acid (HA)modified thermoresponsive poly(Nisopropylacrylamide) [16] and more recently Silk-Elastin-Like co-Recombinamers (SELR) [17] . For cartilage regeneration, in comparison, natural polymers suffer from poor stability but have better biocompatibility or biodegradability while synthetic polymers have opposite properties [18] . Based on this limitation, recent injectable hydrogel for cartilage and bone regeneration mostly are made by hybrid natural/synthetic materials [19, 20] .
Another area where injectable hydrogel can also be utilized is for periodontitis treatment, one of major gum disease, with prevalence of 10-15% of global population [21] . Periodontitis is a condition where periodontal ligament degenerates and creates periodontal pocket and disruption of teeth support. Chitosan based hydrogels were widely used during early development of injectable hydrogels and were ussually combined with different materials such as quaternized chitosan/a,b-glycerophosphate [22, 23] and gelatin/b-glycerolphosphate [24] to create desired properties. Xu et al. reported the use of chitosan (CS), β-sodium glycerophosphate (β-GP), and gelatin as thermosensitive injectable hydrogel formulation [25] . This hydrogel is able to release aspirin (antiinflammation agent) and erythropoietin (to induce tissue regeneration). In vivo study of implanted injectable hydrogel into mouse showed the effectiveness of this formulation in antiinflammation and periodontium regeneration. More recently, block copolymer based injectable hydrogels have been explored for periodontitis. Methoxy polyethylene glycol-(polycaprolactone) [26] and F127 [27] block copolymer have been reported as biofriendly materials. Looking at several examples presented above, we believe that injectable hydrogels have their own future. It will be widely used from simple applications such as extended release of active compounds to a scafolding for advanced regenerative engineering. Several adjustments during formulation will create better performing hydrogels for the desired application. The followings are some basic technical requirements to be considered in synthesizing new type of injectable hydrogels.
Rapid in-situ gelation
This is the most important requirement for injectable hydrogel. To achieve this character, there are several strategies such as the use of special polymer system. The ideal one would be a system in the sol phase at room temperature that can spontaneously turn into gel phase at elevated temperature (body temperature). The most versatile technique to achieve this characteristic is by employing secondary bonding of force, which responds to the changes in temperature, pH, or ionic concentration [4, 28, 29 ].
Biocompatibility
The key for hydrogel biocompatibility is to imitate as much as possible the natural extracellular matrix (ECM) that has high water content. Adding natural ECM protein such as chondroitin-sulfated proteoglycans (CSPG), laminin, collagen, and fibronectin will enhance the biocompatibility of the hydrogel [30] .
The use of polysaccharide-based materials [23] such as alginate, chitosan, agarose and hyaluronic acid or polypeptide-based materials [31] such poly (amino acids), collagen, gelatin and elastin natural polymers is one of strategies to obtain better biocompatible hydrogels [32, 33] . Another strategy is to avoid certain polymer such as poly(propylene fumarate) (PPF)/poly(DL-lactic-co-glycolic acid) (PLGA) which will increase inflammatory response [34] .
To form hydrogel, the monomer undergoes specific polymerization process depend on the chemistry of the monomer. Several methods can be employed to crosslink the polymer to form hydrogels such as radiation (UV, Vis, X-ray), heat and chemical reactions. However, the usage of photoreactive catalyst for photopolymerization should be avoided because of the damaging effect of free radicals to the cells [35] .
Matrix stiffness
To have an outstanding performing hydrogel, mechanical behaviour of hydrogels has to be considered. The stiffness of the resulted hydrogels, in particular, plays very important role since it will impact on cell migration, differentiation, proliferation, and apoptosis [36] . It is reported that the stiffness of the hydrogel will affect the fate of stem cell [37, 38] .
For many applications, natural polymers suffer insufficient mechanical integrity and short lifetime [39] . However, incorporating other materials such as synthetic polymer into formulation can enhance mechanical properties of hydrogels to match the native properties of extra cellular matrix (ECM) [40] .
Bioadhesivity
Bioadhesive property of hydrogel plays important in assuring the implanted gel to stay in place. It can tolerate high shear forces and the flow of biological fluids. This property can be improved by forming chemicals crosslink between hydrogel and the tissue. Mechanical interlocking with the component of extra cellular matrix and van der walls interaction are also possible methods to increase adhesivity of the hydrogels [41] . Acrylicbased hydrogels with high density of carboxylgroup, due to their flexibility and capabilities to form hydrogen bonds, have been used extensively for bioadhesive applications [42] .
The presence of endogenous amine of the ECM can be further exploited. Schneider et al. employed polydextrane aldehyde as coupling agent to react with amine group forming imine bond [43] . The gel itself is polyethylene imine, which has antibacterial activities. Using similar chemistry, other reactive agents toward amine group could also be employed. The utilization of certain amino acid sequences can also be explored since this sequence could bind specifically to cell surface glycoproteins. Long poly ethylene glycol (PEG) chain can be excellent intermediate between the 3D scaffold and the amino acid sequence since it freely move to reach cell surface glycoprotein [44] .
Homing cell capability
Pioneering in the study of cell-hybrid hydrogel interaction, we reported the important of adding nanoparticle into hydrogel system for cell interaction [45] . Our other work showed that by adding silica forming hybrid porous silica/polyamidoamines hydrogels increase the homing capability inside of the 3D scaffold [46] . The addition of silica nanoparticle also enhances the physical properties creating more elastic hydrogels. Woo et al. reported that hybrid hydrogels containing nanoparticles shows notable shear-thinning and self-healing behavior [47] . It was reported that recruitment of endogenous cells will increase effectiveness of the therapy [48] . To enhance cell migration into 3D scaffold of hydrogels, several type of cytokines such as stromalderived factor-1 (SDF-1) [49] can be added during formulation. Illustration of recruitment endogenous stem cells, cell differentiation followed by vascularization/ innervation and tissue formation is shown in Figure 3 .
Biodegradability
Idealy, after implantation, cell recruitment and tissue repariring, there is no need to remove the implanted hydrogel. For this purpose, hydrogels which can undergo biological degradation is favored. Incorporating crosslinker which has cleavable bonds such as disulfide, amide, hydrolysable ester groups will help to obtain this property [11] . The use of materials that is degradable through enzyme-mediated hydrolytic amide groups or vinyl sulfone groups also can be an option. Other idea is to employ polymer made by Schiff base chemistry since the degradation of hydrogel can be triggered by hydrolization of the imine bond resulted from Schiff base reaction back to its monomeric structure.
Conclusions and Perspectives
Due to its versatility, injectable hydrogel is applicable in many difference area. This will create an avenue to develop suitable injectable hydrogel for different purposes. The examples shown in this report are mostly in early stage of development.
However, clinical translations remains the biggest challenge in this research area.
